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Higgs boson searches at CMS
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

Outline
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The Higgs boson

Presentation of LHC and CMS

Main Higgs analyses

New particle properties

Conclusions

H→γγ
H→ZZ→4l 
H→WW→2l2ν
H→bb
H→ττ

Run I legacy 
analyses

Mass
Couplings
Spin
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Higgs boson in the standard model

3

Higgs boson is predicted in the standard model of electro-
weak interaction since 1967 [Glashow, Weinberg, Salam]. 
Higgs mechanism:
- Scalar field breaking spontaneously the electro-weak symmetry
- Longitudinal degrees of freedom absorbed in W± and Z0 

gauge bosons
- Higgs boson gives masses to leptons and quarks through 

Yukawa couplings

New boson discovered by ATLAS and CMS 
collaborations in July 2012 in the Higgs boson 
searches, with a mass around 125 GeVJuly 2012

Is it the standard model Higgs boson?
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

Higgs boson channels at LHC 

- At the LHC, the main Higgs production 
mechanism in the SM is gluon fusion 
followed by VBF and associated 
production with W,Z or tt

- Essential to probe both boson and 
fermion decay
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Large Hadron Collider (LHC)
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- Proton-proton collider at CERN, Geneva
- 27 km circumference, fully supra-conducting 

magnets at 100m depth
- 7 TeV center of mass energy in 2010 and 2011, 8 

TeV in 2012
- Instantaneous luminosity: reached peak 7.7x1033 

cm-2s-1
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Compact Muon Solenoid (CMS) 
detector
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Luminosity conditions

Analyses presented in this talk are using:
- 5.1 fb-1 of 7 TeV data in 2011
- Up to 19.6 fb-1 of 8 TeV data in 2012
Pileup mean interaction ~21 in 2012 (~10 in 2011)

Event with 70 reconstructed vertices (special run)

7
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).
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Fig. 3: Higgs branching ratios for the different H → 4l and H → 2l2# final states (left) and for H → 4q, H → 4f

and H → 2q2l, 2ql#, 2q2# final states (right) and their uncertainties for the full mass range.

are correlated for MH > 500 GeV or small below, we only consider the simultaneous scaling of all
4-fermion partial widths. The thus obtained individual theoretical uncertainties for the branching ratios
are combined linearly to obtain the total theoretical uncertainties.

Finally, the total uncertainties are obtained by adding linearly the total parametric uncertainties
and the total theoretical uncertainties.

2.1.4 Results
In this section the results of the SM Higgs branching ratios, calculated according to the procedure de-
scribed above, are shown and discussed. Figure 2 shows the SM Higgs branching ratios in the low mass
range, 100 GeV < MH < 200 GeV, and in the “full” mass range, 100 GeV < MH < 1000 GeV, as
solid lines. The (coloured) bands around the lines show the respective uncertainties, estimated consid-
ering both the theoretical and the parametric uncertainty sources (as discussed in Section 2.1.3). More
detailed results on the decays H → WW and H → ZZ with the subsequent decay to 4f are presented in
Figures 3. The largest “visible” uncertainties are found for the channels H → !+!−, H → gg, H → cc,
and H → tt, see below.

In the following we list the branching ratios for the Higgs two-body fermionic and bosonic final
states, together with their uncertainties, estimated as discussed in Section 2.1.3. Detailed results for four
representative Higgs-boson masses are given in Table 3. Here we show the BR, the PU separately for
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conversions discussed above. The vertex has been located using the track-finding algorithm. For
the low-luminosity number a constant luminosity of 1033 cm–2 s–1 has been assumed. A luminosity
of 1034 cm–2 s–1 at injection, decaying during a 20-hour LHC run, has been assumed for the high-
luminosity value of the Higgs mass resolution. Table 1.5 displays the different contributions to the
reconstructed Higgs mass width, evaluated for mH = 100 GeV. Figure 1.17 shows the two-photon
signal from a 130 GeV Higgs after collecting 100 fb–1 at high luminosity before and after
background subtraction.

Fig. 1.17: Signal for mH = 130 GeV H ! "" seen after 100 fb–1 collected at high
luminosity, (a) before, and (b) after background subtraction.

Table 1.5: Contribution to the H ! "" (mH = 100 GeV) reconstructed mass width

Contribution

Low luminosity
L = 1033 cm–2 s–1

(constant)

High luminosity
L = 1034 cm–2 s–1

(at injection)

Stochastic term 270 MeV

Constant term 390 MeV

Energy equivalent of noise 265 MeV 300 MeV

Angular measurement using tracks, 
intermodule crack correction, recovery of 
conversions, pileup noise, etc.
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CMS Electromagnetic calorimeter
(ECAL) :
- 75848 PbWO4 crystals
- Excellent energy resolution (design: 
1% for H→γγ barrel photons)

9
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CMS electromagnetic calorimeter
(ECAL)

The ECAL is made of scintillating crystals of PbWO4 :
-Barrel : 36 “supermodules” with 1700 crystals each (coverage |η|<1.48)
-Endcaps : 268 “supercrystals” with 25 crystals each (coverage 1.48<|η|<3.0)
A preshower made of silicon strip sensors is located in front of the endcaps (1.65<|η|<2.6)

Outline
Introduction

CMS projected sensitivity to H → γγ channel
ECAL Calibration

Electromagnetic energy deposits commissioning
Conclusions

CMS Electromagnetic calorimeter (ECAL)

The ECAL is made of PbWO4 scintillating crystals

Barrel (EB) : 36 “supermodules” of 1700 crystals each (coverage |η| < 1.48)

Endcaps (EE) : 268 “supercrystals” of 25 crystals each (coverage 1.48 < |η| < 3.0)

Additionnaly, a preshower (ES) detector made of silicon strip sensors is located in
front of the endcap (coverage 1.65 < |η| < 2.6)

ECAL energy resolution (measured in
test-beams) :

σ(E)

E
=

a
p

E(GeV )
⊕

b

E(GeV )
⊕ c

a = 2.8% : stochastic term
b = 12% : noise term
c = 0.3% : constant term

Nicolas Chanon Photon commissioning in CMS at
√

s = 7 TeV 5 / 12

Energy resolution (measured 
in electron test beam) :

a = 2.8% stochastic term
b = 12% noise term
c = 0.3% constant tern
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ECAL Calibration
Crystal 

Intercalibration
(π0→γγ)

Cluster energy 
correction (MC)

Energy scale 
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Laser 
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Inter-calibrations 
- Correct for response non-uniformity
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Laser calibration: 
- Correct for ECAL crystals transparency 

loss due to electromagnetic damage
- RMS stability after corrections 0.09% 

(barrel), 0.28% (Endcap)
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H→γγ analysis
HIG-13-001

11

- Look for small signal peak (small BR) over large background
- Main analysis is MVA - cut-based analysis and 2nd MVA analyses as cross-checks
- Select two high pt isolated photons from the same vertex

Large background 
from diphoton 
continuum (~70%) 
(after photon Id)

- Vertexing BDT: 
tracks, diphoton 
kinematics, 
conversions

- Photon 
identification BDT 
to reject jets faking 
photons: shower 
shape and isolation
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H→γγ: categories
HIG-13-001

12

Diphoton BDT 
- Mass independant
- Kinematics, vertexing, 

PhotonId output, energy 
resolution variables

Categories: 
- Defined with s/b and 

resolution level
- 4 untagged, 2 VBF 

categories, 3 VH cat

Sensitivity from 
mass fit. Bkgd: 
Bernstein polynomial 
(bias <20% stat 
uncertainty)
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H→γγ mass resolution
HIG-13-001

Cluster energy 
correction (MC)

Crystal 
Intercalibration

(π0→γγ)
Laser 

monitoring
Energy scale 

(Z→ee)

Cluster energy corrections
- Correct for energy loss in the 

material upstream ECAL and in 
ECAL cracks

- Use geometry, shower profile, 
energy in preshower

- Energy regression: 1-2% 
mass resolution

- Best untagged category: 1.36 
GeV effective sigma (narrow 
shower shape in barrel or high 
diphoton pT events)

Energy scale: 
- Correct for data/MC residual differences in 

scale and resolution using Z mass shape
- Stable along data-taking period
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H→γγ MVA results
HIG-13-001

MVA
- Observed local significance above 3.2σ 

(expected 4.2σ)
- Measure best fit μ=0.78 ± 0.27 at 125 GeV
- Mass measurement 125.4 ± 0.5(stat.) ± 0.6(syst.) 

(Main systematics: energy scale (Z→ee), electron to 
photon extrapolation, linearity 45 GeV electrons => 
60 GeV photons) 14
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H→γγ cross-check: cut-based analysis
HIG-13-001

15
Compatibility of cut-based and MVA:

within 1.5σ
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Cut-based:
- Observed local significance 

above 3.9σ (3.5σ expected)
- Measure best fit μ=1.11 ± 

0.31 at 125 GeV
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).
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Fig. 3: Higgs branching ratios for the different H → 4l and H → 2l2# final states (left) and for H → 4q, H → 4f

and H → 2q2l, 2ql#, 2q2# final states (right) and their uncertainties for the full mass range.

are correlated for MH > 500 GeV or small below, we only consider the simultaneous scaling of all
4-fermion partial widths. The thus obtained individual theoretical uncertainties for the branching ratios
are combined linearly to obtain the total theoretical uncertainties.

Finally, the total uncertainties are obtained by adding linearly the total parametric uncertainties
and the total theoretical uncertainties.

2.1.4 Results
In this section the results of the SM Higgs branching ratios, calculated according to the procedure de-
scribed above, are shown and discussed. Figure 2 shows the SM Higgs branching ratios in the low mass
range, 100 GeV < MH < 200 GeV, and in the “full” mass range, 100 GeV < MH < 1000 GeV, as
solid lines. The (coloured) bands around the lines show the respective uncertainties, estimated consid-
ering both the theoretical and the parametric uncertainty sources (as discussed in Section 2.1.3). More
detailed results on the decays H → WW and H → ZZ with the subsequent decay to 4f are presented in
Figures 3. The largest “visible” uncertainties are found for the channels H → !+!−, H → gg, H → cc,
and H → tt, see below.

In the following we list the branching ratios for the Higgs two-body fermionic and bosonic final
states, together with their uncertainties, estimated as discussed in Section 2.1.3. Detailed results for four
representative Higgs-boson masses are given in Table 3. Here we show the BR, the PU separately for

8
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H→ZZ→4l analysis
arxiv:1312.5353

17

H→ZZ→4l analysis:
- Very good s/b~2 (at 125 GeV).
- Main backgrounds: ZZ, Z+jets, ttbar
- Select four isolated leptons from the same vertex
- Excellent mass resolution: 1-2%
- 2l2τ channel included for higher mass

Z→4l control 
sample

Run I legacy 
analysis
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18Mass range 121.5 - 130.5 GeV:

- Small background (s/b~2), 
almost flat around 125 GeV
- Clear excess observed

ICHEP 2012

Note the 
scale!

H→ZZ→4l analysis
arxiv:1312.5353
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Figure 9: Distribution of the four-lepton reconstructed mass in the full mass range for the sum
of the 4e, 2e2µ and 4µ channels. Points with error bars represent the data, shaded histograms
represent the backgrounds, and the unshaded histogram the signal expectation for a mass hy-
pothesis of mH = 126 GeV. Signal and ZZ background are normalized to the SM expectation,
Z + X background to the estimation from data. The expected distributions are presented as
stacked histograms. No events are observed with m4� > 800 GeV.

Table 3: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are given integrated over the full mass measurement range m4� > 100 GeV and for
7 and 8 TeV data combined.

Channel 4e 2e2µ 4µ 4�
ZZ background 77 ± 10 191 ± 25 119 ± 15 387 ± 31
Z + X background 7.4 ± 1.5 11.5 ± 2.9 3.6 ± 1.5 22.6 ± 3.6
All backgrounds 85 ± 11 202 ± 25 123 ± 15 410 ± 31
mH = 500 GeV 5.2 ± 0.6 12.2 ± 1.4 7.1 ± 0.8 24.5 ± 1.7
mH = 800 GeV 0.7 ± 0.1 1.6 ± 0.2 0.9 ± 0.1 3.1 ± 0.2
Observed 89 247 134 470

Table 4: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are integrated over the mass range from 121.5 to 130.5 GeV and for 7 and 8 TeV data
combined.

Channel 4e 2e2µ 4µ 4�
ZZ background 1.1 ± 0.1 3.2 ± 0.2 2.5 ± 0.2 6.8 ± 0.3
Z + X background 0.8 ± 0.2 1.3 ± 0.3 0.4 ± 0.2 2.6 ± 0.4
All backgrounds 1.9 ± 0.2 4.6 ± 0.4 2.9 ± 0.2 9.4 ± 0.5
mH = 125 GeV 3.0 ± 0.4 7.9 ± 1.0 6.4 ± 0.7 17.3 ± 1.3
mH = 126 GeV 3.4 ± 0.5 9.0 ± 1.1 7.2 ± 0.8 19.6 ± 1.5
Observed 4 13 8 25

 (GeV)l4m
80 100 120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0

5

10

15

20

25

30

35 Data

Z+X

,ZZ*
!Z

=126 GeVHm

CMS -1 = 8 TeV, L = 19.7 fbs ; -1 = 7 TeV, L = 5.1 fbs

Today



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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- 0,1jet Kinematic discriminant: Matrix element method 
using invariant mass of Z1 and Z2 and 5 angular variables. 
- 2-jets: Fischer discriminant with jet information
- 3D analysis in Mass, KD, and pT(H) (untagged), and 

Mass, KD, Fischer discriminant (dijet tag)
- Start to measure Higgs differential distributions: Higgs 

pT using s-plot method

2

FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and

H→ZZ→4l analysis
arxiv:1312.5353
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- Observed significance 6.8σ
- Measure best fit at 125.7 GeV
   μ=0.93+0.26-0.23 (stat.)±+0.13-0.09 (syst.)

- Mass measurement with 3D fit (m4l, δm4l,KD)
- m=125.6 ± 0.4 (stat) ±0.2 (syst) GeV

H→ZZ→4l results
arxiv:1312.5353
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).
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Fig. 3: Higgs branching ratios for the different H → 4l and H → 2l2# final states (left) and for H → 4q, H → 4f

and H → 2q2l, 2ql#, 2q2# final states (right) and their uncertainties for the full mass range.

are correlated for MH > 500 GeV or small below, we only consider the simultaneous scaling of all
4-fermion partial widths. The thus obtained individual theoretical uncertainties for the branching ratios
are combined linearly to obtain the total theoretical uncertainties.

Finally, the total uncertainties are obtained by adding linearly the total parametric uncertainties
and the total theoretical uncertainties.

2.1.4 Results
In this section the results of the SM Higgs branching ratios, calculated according to the procedure de-
scribed above, are shown and discussed. Figure 2 shows the SM Higgs branching ratios in the low mass
range, 100 GeV < MH < 200 GeV, and in the “full” mass range, 100 GeV < MH < 1000 GeV, as
solid lines. The (coloured) bands around the lines show the respective uncertainties, estimated consid-
ering both the theoretical and the parametric uncertainty sources (as discussed in Section 2.1.3). More
detailed results on the decays H → WW and H → ZZ with the subsequent decay to 4f are presented in
Figures 3. The largest “visible” uncertainties are found for the channels H → !+!−, H → gg, H → cc,
and H → tt, see below.

In the following we list the branching ratios for the Higgs two-body fermionic and bosonic final
states, together with their uncertainties, estimated as discussed in Section 2.1.3. Detailed results for four
representative Higgs-boson masses are given in Table 3. Here we show the BR, the PU separately for

8
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H→W+W- analysis
arxiv:1312.1129

H→WW→2l2ν analysis:
- High BR, but no mass peak (resolution is ~20%)
- Select two isolated leptons with pT>20,10 GeV and mET>20 GeV
- Categorize in 0-jet, 1-jet, 2-jet bins, then ee,μμ,eμ with opposite charge
- Main backgrounds: WW, top (1,2jet bins), W+jets (estimated from control regions in 

data)
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2D analysis in (mT, mll) for the 
opposite flavor 0-jet and 1-jet bins 
(cross-check with a 2nd 2D analysis)

H→W+W- analysis
arxiv:1312.1129
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VH tag

Trilepton final state also used: 
WH→3l3ν, ZH→3lν+2jets
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Broad excess observed in exclusion limits 
compatible with presence of signal
- Best fit signal strength μ=0.72+0.20-0.18 at 125.6 GeV
- Local significance: expected 5.8σ, observed 4.3σ
- Mass measurement: 128.2+6.6-5.3 GeV

H→W+W- analysis
arxiv:1312.1129
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).
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Fig. 3: Higgs branching ratios for the different H → 4l and H → 2l2# final states (left) and for H → 4q, H → 4f

and H → 2q2l, 2ql#, 2q2# final states (right) and their uncertainties for the full mass range.

are correlated for MH > 500 GeV or small below, we only consider the simultaneous scaling of all
4-fermion partial widths. The thus obtained individual theoretical uncertainties for the branching ratios
are combined linearly to obtain the total theoretical uncertainties.

Finally, the total uncertainties are obtained by adding linearly the total parametric uncertainties
and the total theoretical uncertainties.

2.1.4 Results
In this section the results of the SM Higgs branching ratios, calculated according to the procedure de-
scribed above, are shown and discussed. Figure 2 shows the SM Higgs branching ratios in the low mass
range, 100 GeV < MH < 200 GeV, and in the “full” mass range, 100 GeV < MH < 1000 GeV, as
solid lines. The (coloured) bands around the lines show the respective uncertainties, estimated consid-
ering both the theoretical and the parametric uncertainty sources (as discussed in Section 2.1.3). More
detailed results on the decays H → WW and H → ZZ with the subsequent decay to 4f are presented in
Figures 3. The largest “visible” uncertainties are found for the channels H → !+!−, H → gg, H → cc,
and H → tt, see below.

In the following we list the branching ratios for the Higgs two-body fermionic and bosonic final
states, together with their uncertainties, estimated as discussed in Section 2.1.3. Detailed results for four
representative Higgs-boson masses are given in Table 3. Here we show the BR, the PU separately for
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- Large branching ratio, but large QCD background.
- Improve s/b by requiring two central b-tagged jets
- Require associated production: VH(bb) with V being W(eν), W(μν), Z(ee), Z(μμ), Z(νν)
- Trigger on the associated vector boson: single/double lepton, mET(+jets)
- Categorize according to vector boson pT (170 GeV but for Z(ll), 100 GeV)
- b-jet energy regression using 2nd vertex and jet properties, mET direction and soft 

lepton info inside the jet => improves analysis sensitivity by 15-20%

H→bb analysis
arxiv:1310.3687 Run I legacy 
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H→bb: BDT shape analysis
arxiv:1310.3687

27

- Main background after preselection: V+2jets, VV, top
BDT shape analysis:
- BDT variables: mainly jets and vector boson kinematics, b-tagging discriminant
- Fit to the BDT shapes in each channel (10% improvement wrt cut and count)

- 4 “staggered” BDT, 
trained against diboson, 
ttbar, W/Z+jets, and all 
background

- Check that such a BDT 
approach is able to 
measure VZ(bb): 6.9σ
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H→bb results
arxiv:1310.3687
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-Broad excess compatible with SM Higgs injection
- At 125 GeV, observed p-value 2.1σ Best fit μ=1.0+0.5-0.5
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).
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Fig. 3: Higgs branching ratios for the different H → 4l and H → 2l2# final states (left) and for H → 4q, H → 4f

and H → 2q2l, 2ql#, 2q2# final states (right) and their uncertainties for the full mass range.

are correlated for MH > 500 GeV or small below, we only consider the simultaneous scaling of all
4-fermion partial widths. The thus obtained individual theoretical uncertainties for the branching ratios
are combined linearly to obtain the total theoretical uncertainties.

Finally, the total uncertainties are obtained by adding linearly the total parametric uncertainties
and the total theoretical uncertainties.

2.1.4 Results
In this section the results of the SM Higgs branching ratios, calculated according to the procedure de-
scribed above, are shown and discussed. Figure 2 shows the SM Higgs branching ratios in the low mass
range, 100 GeV < MH < 200 GeV, and in the “full” mass range, 100 GeV < MH < 1000 GeV, as
solid lines. The (coloured) bands around the lines show the respective uncertainties, estimated consid-
ering both the theoretical and the parametric uncertainty sources (as discussed in Section 2.1.3). More
detailed results on the decays H → WW and H → ZZ with the subsequent decay to 4f are presented in
Figures 3. The largest “visible” uncertainties are found for the channels H → !+!−, H → gg, H → cc,
and H → tt, see below.

In the following we list the branching ratios for the Higgs two-body fermionic and bosonic final
states, together with their uncertainties, estimated as discussed in Section 2.1.3. Detailed results for four
representative Higgs-boson masses are given in Table 3. Here we show the BR, the PU separately for

8
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H→τ+τ-
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13004TWikiUpdate

30

5 final states: μτh, eτh, eμ, τhτh, μμ, 
also associated production VH(ττ)
- Main background: QCD, Z(ττ)+jets
- Tau reconstruction with the 

particle-flow (PF) algorithm
- MVA for τh isolation in rings and for 

PF mET
- Mass reconstruction with matrix 

element method (SVFit)
- Categories: 2-jet (VBF tag, most 

sensitive), 1-jet, 0-jet
- Split further categories with pT
- Data-driven method to estimate tau 

fake rate from control regions
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- Ditau invariant mass 
distributions in the VBF 
channel as an illustration 
(best sensitivity)

- 0-jet not used for sensitivity

H→τ+τ-
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13004TWikiUpdate
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- Broad excess observed compatible with the signal 
injection test

- Local p-value >3σ in 110-130 GeV range
- Best fit μ=0.87±0.29 
- Mass: 115+8-2 GeV
- Evidence for coupling to tau

H→τ+τ-
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13004TWikiUpdate
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Other channels and properties
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H→Zγ
arxiv:1307.5515

34

- Interesting because probes new 
physics in the loops (as γγ do)
-  ee and μμ channels included
- Categorize in lepton η and photon η 

and converted/unconverted
- Untagged and VBF categories
- Mass resolution 1-3%
- Getting closer to the SM: at 125 GeV, 

exclude ~10x SM
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H→μμ
PAS-HIG-13-007

35

- BR(H→μμ) very small ~2,2.10-4 (MSSM and other BSM can predict higher BR)
- Categories: 3 Dijet tags, and 2 untagged (low/high Higgs pT) further splitted in 

inner Barrel, outer Barrel and Endcap
- Resolution 1.6 GeV in best category
- Background estimate from mass fit to data
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Combination: results
PAS-HIG-13-007

36

- Entering in precise measurement era
- Combined best fit μ=0.80±0.14
- Less known production mechanism ttH, and decay Hbb
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ttH combination
https://twiki.cern.ch/twiki/bin/view/CMSPublic/ttHCombinationTWiki

- Probing coupling to top quark
- Main background: ttbar
- H→bb,ττ: Categorize with number of b-tag 

and number of jets, use neural network
- Lepton decay: use BDT
- H→γγ: Cut-based analysis
- Combination of all decay channels, measure 
μ  ~2.5 +/- 1

24 8 Summary
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Figure 12: Using the 2011+2012 datasets, the observed and expected 95% CL upper limits on
the signal strength parameter µ = σ/σSM for lepton+jets and dilepton channels combined.

8 Summary
A search for the standard model Higgs boson produced in association with a top-quark pair
has been performed at the CMS experiment using data samples corresponding to an integrated
luminosity of 5.0 fb−1 (5.1 fb−1) collected in pp collisions at the center-of-mass energy of 7 TeV
(8 TeV). Events are considered where the top-quark pair decays to either one lepton+jets (tt →
�νqq�bb) or dileptons (tt → �+ν�−νbb), � being an electron or a muon. The search has been
optimized for the decay mode H → bb, however sensitivity to other decay modes has been
preserved. Artificial neural networks are used to discriminate between signal and background
events. Combining the results from the 7 TeV and 8 TeV samples, the observed (expected) limit
on the cross section for Higgs boson production in association with top-quark pairs for a Higgs
boson mass of 125 GeV is 5.8 (5.2) times the standard model expectation. This is the first such
search at the LHC.
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

Mass measurement
PAS-HIG-13-007

38

- Fit from γγ and ZZ: measures 125.7 ± 0.3(stat) ± 0.3(syst) GeV
- Masses from H→γγ and H→ZZ channels are compatible within 1σ
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Couplings
PAS-HIG-13-007
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The four main production mechanisms are all 
related to a fermion-coupling (top in gluon 
fusion loop, ttH) or to vector boson coupling 
(VBF,VH). 
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with standard model
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BR(H→invisible)
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Induced from 
couplings:
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Table 60: A benchmark parametrization where effective vertex couplings are allowed to float through the κg and κγ

parameters. Instead of absorbing κH, explicit allowance is made for a contribution from invisible or undetectable
widths via the BRinv.,undet. or BRinv. and BRundet. parameters.

Probing loop structure assuming no invisible or undetectable widths
Free parameters: κg , κγ .
Dependent parameters: κH = κH(κi). Fixed parameters κZ = κW = κτ = κb = κt = 1.

H → γγ H → ZZ(∗) H → WW(∗) H → bb H → τ−τ+

ggH
κ2g ·κ2γ

κ2H(κi)
κ2g

κ2H(κi)

ttH
κ2γ

κ2H(κi)
1

κ2H(κi)
VBF
WH
ZH

Probing loop structure allowing for invisible or undetectable widths
Free parameters: κg , κγ , BRinv.,undet..
Dependent parameters: κH = κH(κi). Fixed parameters κZ = κW = κτ = κb = κt = 1.

H → γγ H → ZZ(∗) H → WW(∗) H → bb H → τ−τ+

ggH
κ2g ·κ2γ

κ2H(κi)/(1−BRinv.,undet.)

κ2g
κ2H(κi)/(1−BRinv.,undet.)

ttH
κ2γ

κ2H(κi)/(1−BRinv.,undet.)

1
κ2H(κi)/(1−BRinv.,undet.)

VBF
WH
ZH

Probing loop structure allowing for separate invisible and undetectable widths
Free parameters: κg , κγ , BRinv., BRundet., with condition BRinv. +BRundet. ≤ 1.
Dependent parameters: κH = κH(κi). Fixed parameters κZ = κW = κτ = κb = κt = 1.

H → γγ H → ZZ(∗) H → WW(∗) H → bb H → τ−τ+

ggH
κ2g ·κ2γ

κ2H(κi)/(1−BRinv.−BRundet.)

κ2g
κ2H(κi)/(1−BRinv.−BRundet.)

ttH
κ2γ

κ2H(κi)/(1−BRinv.−BRundet.)

1
κ2H(κi)/(1−BRinv.−BRundet.)

VBF
WH
ZH

κ2
i = Γii/Γ

SM
ii
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New physics in loops

Zürich Phenomenology Workshop

Beyond the Standard Model
Test processes induced by loop diagrams

BRBSM =
ΓBSM

Γtot

Scan BRBSM and profile κV κf 

t/W

BRBSM below  0.62 at 95% CL
39

Set ΓBSM =0

New heavy particles running in gg→H→γγ in 
gg→H→Zγ loops could enhance / decrease the 
rate: change couplings to gluon and to photons
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Probing loop structure assuming no invisible or undetectable widths
Free parameters: !g , !" .
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2
"

!2H(!i)

!2g
!2H(!i)

ttH
!2"

!2H(!i)

1
!2H(!i)

VBF
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Probing loop structure allowing for invisible or undetectable widths
Free parameters: !g , !" , BRinv.,undet..

H → "" H → ZZ(∗) H → WW(∗) H → bb H → #−#+

ggH
!2g ·!

2
"

!2H(!i)/(1−BRinv.,undet.)

!2g
!2H(!i)/(1−BRinv.,undet.)

ttH
!2"

!2H(!i)/(1−BRinv.,undet.)

1
!2H(!i)/(1−BRinv.,undet.)

VBF
WH
ZH

!2i = Γii/Γ
SM
ii

Table 8: A benchmark parametrization where effective vertex couplings are allowed to float through the !g and !"
parameters. Instead of absorbing !H, explicit allowance is made for a contribution from invisible or undetectable
widths via the BRinv.,undet. parameter.

Probing loops while allowing other couplings to float assuming no invisible or undetectable widths
Free parameters: !g , !" , !V(= !W = !Z), !f (= !t = !b = !#).

H → "" H → ZZ(∗) H → WW(∗) H → bb H → #−#+

ggH
!2g ·!

2
"

!2H(!i)

!2g ·!
2
V

!2H(!i)

!2g ·!
2
f

!2H(!i)

ttH
!2f ·!

2
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2
V
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!2f ·!
2
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!2H(!i)

VBF
!2V ·!2"

!2H(!i)

!2V ·!2V
!2H(!i)

!2V ·!2f
!2H(!i)

WH
ZH

Probing loops while allowing other couplings to float allowing for invisible or undetectable widths
Free parameters: !gV(= !g · !V/!H), $Vg(= !V/!g), $"V(= !"/!V), $fV(= !f/!V).

H → "" H → ZZ(∗) H → WW(∗) H → bb H → #−#+

ggH !2gV · $2"V !2gV !2gV · $2fV
ttH !2gV$

2
Vg$

2
fV · $2"V !2gV$

2
Vg$

2
fV !2gV$

2
Vg$

2
fV · $2fV

VBF
!2gV$

2
Vg · $2"V !2gV$

2
Vg !2gV$

2
Vg · $2fVWH

ZH
!2i = Γii/Γ

SM
ii , !V = !W = !Z , !f = !t = !b = !#

Table 9: A benchmark parametrization where effective vertex couplings are allowed to float through the !g and !"
parameters and the gauge and fermion couplings through the unified parameters !V and !f .
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Higgs total width

42

Higgs total width 
measurement is limited 
with detector resolution
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H→ZZ

H→γγ

Solution: 
interferometry
- Use tail of mass 

peak
(see for instance 
arxiv:1311.3589)

Keith Ellis,CERN, 9 December, 2013 

Updated limit on Higgs width

Use the number of events observed in the off-peak region (451) and 
number expected on the basis of continuum alone (431±31)

This analysis is indicative only and needs to be repeated by the 
experiments.

27

Keith Ellis,CERN, 9 December, 2013 

Narrow width approximation for Higgs boson

How can it fail? 

ΓH / MH=1/30,000

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

At least 15% of the cross section 
comes from m4l>130GeV.

Similar tail for H→WW.

7

Kauer, Passarino,arXiv:1206.4803

Simulation
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High mass searches with H→ZZ
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Spin/Parity measurement

- Cannot measure directly spin (too much parameters in the lagrangian, not enough 
statistics) => Need to test some reasonable benchmark models

- Testing mixture of 0- and 0+ hypothesis (fa3 param.) using ZZ kinematic discriminant
- Testing minimal graviton couplings 2+ and higher dimension tensor structure
- Testing production mechanisms via gluon fusion and qqbar

18 6 Results

In addition to simple hypothesis testing, we perform a fit for a continuous parameter which we

define as fa3 below. The most general decay amplitude for a spin-zero boson can be defined as

A = v
−1�

∗µ
1

�∗ν
2

�
a1gµνm

2

H
+ a2 qµqν + a3�µναβ q

α
1
q

β
2

�
= A1 + A2 + A3 , (6)

where �i are the Z boson polarization vectors, qi are their momenta, and q = q1 + q2 is the

four-momentum of the spin-zero boson. The SM Higgs boson decay is dominated by the A1

amplitude, while the J
P = 0

−
state decay is expected to be dominated by the A3 amplitude.

The D0− discriminant is therefore optimal for the discrimination between the |A1|2 and |A3|2
amplitude contributions, while we find their potential interference to have negligible effect on

the discriminant distribution or the overall yield of events. We define the parameter fa3 =
|A3|2/(|A1|2 + |A3|2). Here we neglect the |A2|2 contribution in order to test the presence of

the A3 amplitude; both are expected to be small or negligible in the SM. The presence of both

A3 and A1 in decays of one particle would indicate CP violation. This fa3 parameter allows us

to provide a consistency test of the fa3 = 0 and fa3 = 1 scenarios, as well as to consider the

contribution of both amplitudes in the decay. However, we would like to stress that fa3 is not

a parameter which defines the mixture of parity-even and parity-odd states. The latter would

require a model-dependent interpretation of the fa3 measurement.

The statistical analysis remains similar to the Higgs boson search described earlier where we

perform the unbinned likelihood fit of the ensemble of selected events, except that instead of

the kinematic discriminant for signal-to-background separation, we use the above kinematic

discriminant DJP for the separation between two signal hypotheses. The second observable

combines the m4� probability together with the kinematic probability of the angular and mass

distributions as used in the KD calculation, Dbkg = P
sig

/(P
sig

+ P
bkg

), where the probabil-

ities P also include the m4� parameterizations for mH = 126 GeV. The analysis of the Dbkg

discriminant is statistically equivalent to the 2D analysis of the m4� and KD distributions. The

spin-parity hypothesis analysis is a 2D analysis of the (Dbkg,DJP) distributions where correla-

tions of observables are included in the probability parameterizations. In the Figs. 12 and 13

the Dbkg and DJP distributions are shown in the mass range 106 < m4� < 141 GeV used to

perform this measurement. The Dbkg distributions are very similar between the SM and al-

ternative hypotheses but differ significantly from background. The DJP distributions provide

most discrimination between the two signal hypotheses.

The distribution of q = −2ln(LJP /LSM) is examined with generated samples of background

and signal of seven types (SM 0
+

and six J
P

) for mH = 126 GeV. Here the likelihoods L are

calculated with the signal rates allowed to float independently for each signal type and the

nuisance parameters are treated as independent. We adjust the relative expected yield dis-

tributions in the different channels in alternative J
P

hypotheses which differ from SM due to

kinematics and detector effects. The expected distributions are generated with the cross section

for each type of signal determined from the fit to data. We find consistent results when the ex-

pected distributions are generated with the signal event yields according to SM expectation. In

Figs. 12 and 13 we show distribution of the Dbkg and DJP observables for the seven hypotheses

discussed above J
P = 0

+
, 0

+
h

, 0
−

, 2
+
mgg, 2

+
mqq̄

, 1
−

, 1
+

.

The expected and observed values of q = −2ln(LJP /LSM) are shown in Fig. 14 and results are

summarized in Table 3. We define a CLs criterion as the ratio of the probabilities to observe,

under the J
P

and 0
+

hypotheses, a value of the test statistics q equal or larger than the one in the

data. The data disfavours the alternative hypotheses J
P

with a CLs value in the range 0.1–10%.

Figure 12 (right) shows the distribution of −2 lnL as a function of fa3. The measurement of the

fraction of a CP-violating contribution to the decay amplitude expressed through the fraction

fa3 = A3/(A1+A2+A3)
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H→ZZ

H→ZZ
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Spin/Parity measurement

45

- Overall data from H→ZZ and H→WW points to an agreement with standard model
- H→γγ needs more data
- Will need more data to exclude more complicated tensor structures
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Conclusions

46

Higgs searches at CMS
- New particle existence is now well established
- Couplings seems very much compatible with SM, 

although coupling to top and bottom needs more data 
(decay to bottom quarks still needs evidence)

- Mass: 125.7 ± 0.3(stat) ± 0.3(syst) GeV (to be updated for 
legacy paper)

- Spin measurement compatible with SM so far
- LHC Run II will allow to probe further spin and couplings, 

access to small BR final states, search for additional 
Higgses... and hopefully find some new physics beyond 
standard model!
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BACK-UP SLIDES
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Laser monitoring
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Noise in APD/VPT
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Intercalibration precision
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H→γγ flowchart
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Exclusive channels: VBF and VH

52

VBF tight VBF loose

VH muon VH 
electron

VH mET

Sensitivity to production mechanisms and 
Higgs-Vector boson coupling

VBF tags:
- VBF is higher γγ pT, two forward jets
- Dijet BDT using diphoton/jets kinematics
- Define two categories: s/b~0.5 and s/b~0.2

VH tags (WH, ZH production):
- Two lepton categories, muon or electron
- One mET category

Gluon-gluon fusion contamination 
in VBF categories ~20-50%



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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H→γγ 8 TeV only

MVA CiC
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H→ZZ: lepton efficiency
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H→ZZ: Z1 and Z2 masses
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H→ZZ: mass scale
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H→W+W- analysis
arxiv:1312.1129

57

Trilepton final state also used: WH→3l3ν, ZH→3lν+2jets
- Main background: WZ, non-prompt leptons (Z+jets, top)
- Shape analysis 
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H→τ+τ- mass
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Coupling measurement
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Model: EFT with the chiral lagrangian in the EW sector
- Grojean et al. [arXiv:1207.1717], Azatov et al. [arXiv:1202.3415], Kuflik et al. [arXiv:

1206.4201]...
- Assumptions: spin-parity 0+, new other states are heavy enough, EWSB possesses 

a custodial symmetry, no FNCN at three level with the Higgs, kinematics not affected
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- A simplified model is recommended by the LHC Higgs Low Mass WG [arXiv:
1209.0040], to be used by ATLAS and CMS to measure Higgs couplings

- Higgs production cross-sections and branching ratios are scaled by various 
parameters

- Coupling to bosons (κv) and fermions (κf):

Common scale factor
Free parameter: !(= !t = !b = !" = !W = !Z).

H → ## H → ZZ(∗) H → WW(∗) H → bb H → "−"+

ggH

!2
ttH
VBF
WH
ZH

Table 3: The simplest possible benchmark parametrization where a single scale factor applies to all production
and decay modes.

This parametrization, despite providing the highest experimental precision, has several clear short-
comings, such as ignoring that the role of the Higgs boson in providing the masses of the vector bosons
is very different from the role it has in providing the masses of fermions.

4.2 Scaling of vector boson and fermion couplings
In checking whether an observed state is compatible with the SM Higgs boson, one obvious question
is whether it fulfills its expected role in EWSB which is intimately related to the coupling to the vector
bosons (W,Z).

Therefore, assuming that the SU(2) custodial symmetry holds, in the simplest case two parameters
can be defined, one scaling the coupling to the vector bosons, !V(= !W = !Z), and one scaling the
coupling common to all fermions, !f (= !t = !b = !"). Loop-induced processes are assumed to scale as
expected from the SM structure.

In this parametrization, presented in Table 4, the gluon vertex loop is effectively a fermion loop
and only the photon vertex loop requires a non-trivial scaling, given the contributions of the top and
bottom quarks, of the " lepton, of theW-boson, as well as their (destructive) interference.

Boson and fermion scaling assuming no invisible or undetectable widths
Free parameters: !V(= !W = !Z), !f (= !t = !b = !").

H → ## H → ZZ(∗) H → WW(∗) H → bb H → "−"+

ggH !2f ·!
2
# (!f ,!f ,!f ,!V)

!2H(!i)

!2f ·!
2
V

!2H(!i)

!2f ·!
2
f

!2H(!i)ttH
VBF

!2V ·!2# (!f ,!f ,!f ,!V)

!2H(!i)

!2V ·!2V
!2H(!i)

!2V ·!2f
!2H(!i)

WH
ZH

Boson and fermion scaling without assumptions on the total width
Free parameters: !VV(= !V · !V/!H), $fV(= !f/!V).

H → ## H → ZZ(∗) H → WW(∗) H → bb H → "−"+

ggH
!2VV · $2fV · !2# ($fV, $fV, $fV, 1) !2VV · $2fV !2VV · $2fV · $2fVttH

VBF
!2VV · !2# ($fV, $fV, $fV, 1) !2VV !2VV · $2fVWH

ZH
!2i = Γii/ΓSMii

Table 4: A benchmark parametrization where custodial symmetry is assumed and vector boson couplings are
scaled together (!V) and fermions are assumed to scale with a single parameter (!f ).
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